Abstract. Although a greater extent of tumor resection is important for patients' survival, complete tumor removal, especially tumor margins, remains challenging due to the lack of sensitivity and specificity of current surgical guidance techniques at the margins. Intraoperative fluorescence imaging with targeted fluorophores is promising for tumor margin delineation. To verify the tumor margins detected by the fluorescence images, it is necessary to register fluorescence with histological images, which provide the ground truth for tumor regions. However, current registration methods compare fluorescence images to a single-layer histological slide, which is selected subjectively and represents a single plane of the three-dimensional tumor. A multistep pipeline is established to correlate fluorescence images to stacked histological images, including fluorescence calibration and multistep registration. Multiple histological slices are integrated as a two-dimensional (2-D) tumor map using optical attenuation model and average intensity projection. A BLZ-100-labeled medulloblastoma mouse model is used to test the whole framework. On average, the synthesized 2-D tumor map outperforms the selected best slide as ground truth [Dice similarity coefficient (DSC): 0.582 versus 0.398, with significant differences; mean area under the curve (AUC) of the receiver operating characteristic curve: 88% versus 85.5%] and the randomly selected slide as ground truth (DSC: 0.582 versus 0.396 with significant differences; mean AUC: 88% versus 84.1% with significant differences), which indicates our pipeline is reliable and can be applied to investigate targeted fluorescence probes in tumor margin detection. Following this proposed pipeline, BLZ-100 shows enhancement in both tumor cores and tumor margins (mean target-to-background ratio: 8.64 AE 5.76 and 4.82 AE 2.79, respectively).
Introduction
Surgical resections are often the primary treatment option for both benign and malignant tumors. Curative surgery for many cancers requires a wide local excision to achieve negative margins.
1,2 Although a greater extent of tumor resection is critical for reducing tumor recurrence and improving prognosis, wide negative margins for brain surgery are not possible. [3] [4] [5] At the margins, the delicacy and unique functionality of the surrounding healthy tissues necessitate extreme precision during excision for neurosurgery, as the risk of damaging normal brain tissue is the impairment of patient's cognitive function for their lifetime. In intraoperative neurosurgery, the ability to assess tumor margins with high accuracy would benefit patient's survival, while preserving quality of life after surgery.
Visual appearance and palpation have been the standard methods used by surgeons to differentiate tumor from healthy tissues. These techniques are ineffective at the margins for many tumors, where high contrast and resolution are required intraoperatively. Bright tumor-specific indicators, such as targeted fluorophore, can visually enhance tumor margins, which is ideal for residual tumor cleanup and removal of disturbed tumor fragments. Compared to other noninvasive imaging technologies, such as magnetic resonance imaging, computed tomography, positron emission tomography, and ultrasound, advanced optical imaging is the most pragmatic means to provide high-resolution, video-rate, and noncontact intraoperative imaging for surgeons.
In the past 30 years, various optical imaging techniques have been investigated to guide surgery and to delineate tumor margins, [6] [7] [8] [9] [10] [11] [12] which can be categorized into three mechanisms: (1) structural contrast enhancement, (2) metabolic contrast enhancement, and (3) molecular contrast enhancement.
(1) Optical coherence tomography (OCT) is a noncontact imaging modality capable of detecting photons backscattered from tissue with high sensitivity. The clear advantage of applying OCT in surgical procedures is to provide three-dimensional (3-D) tissue images, which may benefit tumor resections with additional subsurface anatomy visualization. 13 However, OCT provides structural data without molecular or chemical contrast, so that enhanced contrast of tumor cells is not well developed. Hyperspectral imaging (HSI) is a noncontact, label-free imaging technique that can acquire a wide range of optical spectral information, compared to traditional three-channel (RGB) images. By extracting information from a greater spectral range with finer resolution, HSI can clearly delineate tumor tissues from healthy brain tissues. 8 However, the computational task and processing time impedes HSI as a real-time intraoperative imaging technique. Nontargeted fluorophores, such as fluorescein, methylene blue (MB), and indocyanine green (ICG), have been investigated to enhance tissue and vessel structures, especially in tumor regions, where these contrast agents extravasate passively out of the vasculature and accumulate. This phenomenon is commonly referred as enhanced permeability and retention (EPR) effect. Fluorescein has been applied for guiding high-grade glioma resection using a surgical microscope with excitation and emission filters and appears safe and effective in clinical trials.
14 MB is another clinically approved dye with visible and near-infrared (NIR) fluorescence. Although MB NIR fluorescent property is weak and inefficient, MB has been proposed for fluorescence-guided interventions using a handheld device. 15 In contrast, ICG is a high-contrast NIR fluorescence indicator that has been widely used to guide surgical resections in humans. The clear advantage of ICG is the excitation well beyond the visible spectrum at >780 mm, which produces negligible autofluorescence and excites targets located more deeply from the surface of the tissue. By combining nonspecific ICG and highresolution confocal endomicroscopy, neurosurgeons at the Barrow Neurological Institute, Phoenix, Arizona, have visualized brain tumors and their margins. 6 However, endomicroscopy is limited to a small field of view (FOV) and often requires tissue contact for a robust measurement. Without conjugation to a targeting moiety that accumulates in cancer, the results of using the pure fluorescence dye have been inconsistent and lack specificity. 16 (2) Metabolic contrast refers to a contrast agent that is activated or converted from a nonfluorescent to a fluorescent form due to a metabolic process. The 5-aminolevulinic acid (5-ALA) is the most widely investigated contrast agent for guiding surgery, which has been recently approved by the U.S. FDA as an intraoperative imaging agent for the resection of malignant glioma. 17 In cells with high metabolic activity such as tumor cells, 5-ALA is processed via the heme-synthesis pathway to produce protoporphyrin IX (PpIX), which emits fluorescence in red visible-light range (635-nm peak) and can provide direct visualization of the tumor. 18 By combining PpIX with highly efficient fluorescence cameras, neurosurgeons can identify tumor margins with low PpIX concentrations, which are not visible with standard surgical microscope systems. 19 However, the shallow tissue penetration of the PpIX visible-light excitation and emission limits the subsurface tumor delineation.
(3) Molecular imaging is an emerging technique that can provide molecular biology information specific to cancer progression. Targeting on the differences in tumor molecular expression, new agents, especially in the NIR range, are in various stages of preclinical or clinical investigation, including labeled antibodies, affibodies, peptides, and other molecules. [20] [21] [22] The combination of NIR-targeted fluorescent probes with advanced wide-field fluorescence imaging devices has contributed to a surge of interest in the field of fluorescence-guided surgery. 23 Recently a chlorotoxin (CTX) has been conjugated to a derivative of ICG that has specific binding affinity to cancers such as induced gliomas in mouse models 24 and spontaneous soft tissue sarcomas in canine models. 25 Bevacizumab-800CW, a monoclonal antibody to vascular endothelial growth factor, has been investigated for the diagnosis of esophageal adenocarcinoma. 12 Rosenthal et al. 20 used cetuximab conjugated to IRDye800 for surgical navigation in head and neck cancer. The clear advantage of NIR fluorophores is the reduced autofluorescence and optical scattering compared to visible-light fluorophores, which improves signal-to-noise ratios at the margins.
To verify tumor margins detected by fluorescence images, the in vivo imaging must be compared with pathology, which provides the ground truth of cancer regions. The different tissue appearances from the two imaging modalities makes this multimodal registration task challenging. Moreover, variations in tissue optical properties and tumor depth make correlating fluorescence images to histopathological slides more difficult. Elliott et al. 26 utilized IRDye800CW-labeled affibody specific to epidermal growth factor receptor to guide glioma resection. The tumor was correlated to fluorescence contrast using a multistep image registration. However, in their approach, fluorescence images were directly registered to histological slides. Structural landmarks in fluorescence images were selected as control points for registration, which are fewer and less obvious, compared to those in reflectance images. Lu et al. 27 applied principal component analysis to extract macro images from HSI and registered these extracted macro images to histological images, thus evaluating HSI as an intraoperative visual aid for surgical resection. However, both registration methods compared to a single-layer histological slide, which was selected subjectively and might not contain complete tumor information.
In this paper, a multistep registration framework is established to correlate fluorescence images to stacked histological images, which can be applied to evaluate fluorescent probes in delineating tumor cores and margins. Since variable experimental parameters and artifacts may affect accurate evaluation of fluorescence imaging, a series of preprocessing steps are applied to calibrate fluorescence imaging for improved accuracy and standardization, as stated in Ref. 28 . An optical attenuation model is applied to integrate multiple histological slides and to project deeper tumor regions to the surface. Preliminary aspects of this model are presented in Image-Guided Procedures, Robotic Interventions, and Modeling panel within 2018 SPIE Medical Imaging. 11 The whole framework is verified using a mouse model of brain tumor labeled with NIR molecular probe, BLZ-100 (Blaze Bioscience Inc., Seattle, Washington). 24 Multimodal scanning fiber endoscope (mmSFE), a wide-field multimodal imaging device that captures fluorescence and reflectance simultaneously with exact spatial registration, is used to image BLZ-100 tumor indicator ex vivo. 29 A total of 10 adult male and female NSG mice between 3 and 6 months of age were used in this study. Recipient mice were administered buprenorphine SR analgesia by subcutaneous injection ∼1 h before the orthotopic implant. At the time of surgery, mice were anesthetized using inhaled isoflurane. Establishment of anesthesia was determined by monitoring respiratory rate and toe pinch reflex. Under anesthesia, an incision of ∼1 cm was made along the mediolateral line using a disposable scalpel and the skull was exposed and cleaned of any minor connective tissues or blood using cotton-tipped applicators. Once the area was clean, a handheld microdrill (Ideal Microdrill #67-1000, Cell Point Scientific) with a 0.9-mm burr (19007-09 Fine Scientific Tools) was used to create a burr hole into the cortex. About 2 μL of cell suspension (100,000 cells) was then deposited into the intracranial space by inserting a 10-μL Rainin's Pipet-Lite fitted with a 2 to 10 μL ART tips barrier nonfiltered pipette tip (2139, Thermo Scientific). A small piece of surgical foam (09-0396-05 Pfizer Injectables) was placed onto the burr hole and the incision was closed with veterinary-grade surgical glue (Vetbond, 3M). Following closure of the incision, mice were removed from isoflurane and transferred to a clean recovery cage placed on a heat mat for the duration of recovery. Mice were monitored regularly for signs of tumor formation, which can include distention of the calvarium, head tilt, reduced feeding, weight loss, dehydration, hunched posture, or poor grooming habits. Brain tumor symptoms were typically observed 4 to 6 weeks after implantation.
BLZ-100
BLZ-100 is composed of a modified form of the CTX peptide conjugated to the NIR fluorescent dye ICG, which has been shown to bind specifically to many types of tumor cells, including glioma and other brain tumors, breast, head and neck cancers, and sarcomas. 24, 25, 30 Assessment of tumor burden is made by trained researchers who use professional judgment and experience to determine that the mice have clinically evident tumor burden but are not moribund. On visual identification of the tumor burden, mice were administered 10 nmol of BLZ-100 in 100 μL phosphate-buffered saline (PBS) by tail vein injection. A 30G needle attached to an insulin syringe was inserted into the right lateral tail vein of a mouse and the compound was administered as a single bolus injection. Mice were returned to the home cage with free movement and access to food and water for the 4-h incubation period. After 4 h of circulation, brains were harvested. The collected brains were stored in ice-cold PBS buffer, shielded from light and transferred for mmSFE imaging.
Multimodal Scanning Fiber Endoscope Imaging
The mmSFE imaging system is specifically designed for wide FOV, high-quality, video-rate (30 Hz), concurrent multiple fluorescence imaging. 31, 32 Three diode lasers at 488, 638, 785 nm are combined and sent to a single-mode optical fiber, which is driven by a piezo tube actuator and scanned in a spiral pattern including one NIR channel, using separate filters and Hamamatsu MPPC detectors. In this study, a 2.4-mm diameter endoscope was used for BLZ-100 imaging. The NIR fluorescence is projected to the green channel with the reflectance as grayscale. The whole brain surface was first imaged using the mmSFE at 1 cm away from the scope distal tip, which was then sectioned into 2-mm slices coronally. Tissue sectioning was performed using the sharpest instruments possible to allow for clean cutting and to prevent damage associated with crushing or tearing of tissue. Double-edged blades with a thickness of 0.10 mm (Electron Microscopy Sciences Cat. # 72003-01) were used to cut the brain that was 3 to 10 h post euthanasia. Cutting blocks were used for high-quality sectioning (Braintree Scientific 1 mm Coronal). Immediately after sectioning, the sliced brains were placed in ice-cold PBS buffer and imaged using mmSFE at 1 cm away from the scope tip. Reflectance and fluorescence images of the slices were captured with dimmed laboratory lights on. In summary, five slices were imaged using mmSFE for each mouse.
Histology
After mmSFE imaging, the 2-mm brain slices were fixed in 10% neutral buffered formalin solution for 48 h. Then, routine hematoxylin and eosin (H&E) staining was done for histological evaluation. The formalin-fixed tissues were embedded in paraffin, which were later cut into 4-μm-thickness slides coronally at 100-μm intervals. For each tissue block, 5 to 6 slides were cut. The cut slides were stained with H&E and imaged using a Leica color pathology slide scanner (Aperio Scanscope AT, Leica Biosystems Imaging, Inc.). The whole protocol for mmSFE imaging and histology processing is shown in Fig. 2 .
Calibration of Near-Infrared Fluorescence
Imaging for Tumor Margin Delineation 2.5.1 Preprocessing for multimodal scanning fiber endoscope fluorescence imaging
The fluorescence data acquired using mmSFE were preprocessed for accurate evaluation and standardization, which consisted of the two steps shown below.
Specular reflection detection and removal. Specular reflections are usually observed from moist tissue surface, which can be a problem in minimally invasive surgeries, where movement of the scope is limited, and the reflections cannot be moved off regions of interest. To provide quantitative evaluation of fluorescence imaging, these undesired reflections need to be removed. Figure 3 shows the pipeline to remove specular reflection. Specular pixels in reflectance channel were first detected using MATLAB function multithresh, which applies Otsu's algorithm to segment specular reflection. A dilated specular mask was then generated using MATLAB function imdilate with a 3 × 3 square structuring element. Since mmSFE captured coregistered reflectance and fluorescence images, the generated specular mask from reflectance would apply to both reflectance and fluorescence channel. Each pixel in dilated specular mask was then replaced by the average of neighbor pixels without specular reflection for both reflectance and fluorescence images. A neighbor size 7 × 7 was applied. If the neighbor pixels were Fig. 2 Protocol for mmSFE imaging and histology processing: the whole brain is imaged using mmSFE and then sectioned into 2-mm slices coronally. The sectioned slices are imaged using mmSFE. Routine H&E staining is performed on each 2-mm slice. all affected by specular reflection, we increased the neighbor size until there were pixels without specular reflection.
Fluorescence normalization. The fluorescence background was previously measured by placing a nonfluorescent white reference 1 cm away from the scope tip with the NIR excitation source, which is later subtracted from raw fluorescence to reject ambient light. To compensate for inconsistent distance between the scope distal tip and various points on the imaged tissue, a ratiometric method is applied. From any point on the tissue surface, the fluorescence and reflectance generated will travel along identical paths to the scope end-face. Therefore, the difference in distance can be compensated using the ratio between these two images. Since mmSFE can capture reflectance and fluorescence images concurrently, there is no registration error between these two channels, which makes this ratiometric method more robust. The method is first tested using a uniform gelatin phantom (10%), mixed with ICG. Gelatin powder (G2500, Sigma-Aldrich) is mixed with distiller warm water (40°C). The gelatin/water mixture is stirred until all the gelatin is fully dissolved, resembling a uniform liquid. ICG (1340009, Sigma-Aldrich) solution is then dispersed in the mixture. The final concentrations of ICG are 1 μM. An example for this normalization process is shown in Fig. 4 . To avoid divide-by-zero errors, each pixel in the reflectance images is added by 1.
Multistep fluorescence registration and two-dimensional tumor map synthesis
A multistep image registration procedure was developed and applied to the preprocessed fluorescence image to enable pixelwise comparisons with stacked histological slides. A surface macrohistological image was first synthesized from 3-D Fig. 3 Pipeline for specular reflection removal: specular reflection regions are first detected, and a dilated specular mask is generated. Each pixel in the dilated specular mask is then replaced by the average of neighbor pixels. histological slide deck. Then, a multistep registration was then conducted between mmSFE reflectance image and the surface macrohistological image. The transformations calculated from reflectance image were applied to the corresponding fluorescence image. A 2-D tumor map was extracted from histological slides using optical attenuation model and average intensity projection (AIP), which was used as ground truth for comparison. The detailed procedure follows the steps described below.
Surface macrohistological image synthesis. NIR light penetrates deeper in tissue, which excites the fluorescence beneath tissue surface. To better correlate fluorescence with histological images from both surface and deeper tissues, a 3-D histological slide deck is first generated. Each slide in the 3-D deck is registered to its adjacent slide using MATLAB functions "imregtform" and "imregdemons," which perform affine transformation and nonrigid registration, respectively. The topview surface pixels are first extracted from the 3-D histological slide deck and projected to a 2-D plane to synthesize a surface macrohistological image, which is then used to register with mmSFE reflectance image. This surface macrohistological image provides compensation for some incomplete histological slides being cut from uneven tissue surface in paraffin blocks (Fig. 5 ).
Multistep registration. Since mmSFE can capture reflectance and fluorescence images concurrently, there is no spatial registration error between these two images. The surface macrohistological image is registered to the mmSFE reflectance image captured from the 2-mm brain slice, which contains more structural information for registration. In step 1, the boundary of the tissue is identified by leveling the images using MATLAB function "graythresh." Binary masks of tissue for both reflectance image and macrohistological image are generated. MATLAB function imregtform is used to register these two binary masks for affine transformation. The obtained affine transformation matrix T1 is applied to the fluorescence image captured from the same 2-mm slice using imwarp; in step 2, structural landmarks are selected in both macrohistological image and mmSFE transformed reflectance image from step 1 to serve as control points for a piecewise linear registration using MATLAB function cpselect and a deformed transformation grid T2 is generated using MATLAB function fitgeotrans. The processes of cutting, fixing, and staining of the tissue to create histological slides introduce local deformations, which cannot be corrected using affine transformation. The piecewise linear registration divides the images into triangular meshes, which are individually registered through linear transformations. 33 Small spacing of control points allows modeling of local deformation and can address local geometric distortions, whereas large spacing is used to model global deformations. Finally, the deformed grid T2 is applied to the transformed fluorescence image from step 1. The entire pipeline is shown in Fig. 6 . Two-dimensional tumor map synthesis. A method based on optical attenuation model and AIP was applied to generate a projected 2-D tumor map, which integrated tumor information from different tissue depths. For each digitized H&E-stained image in a 3-D histological slide deck, the tumor profile was outlined by an animal pathologist technician with extensive experience in mouse brain tumor. The outlined tumor profiles were extracted to form a 3-D tumor map deck. Then optical attenuation model was used to simulate attenuated fluorescence emitted from deeper tumor before projecting the tumor maps to the outer surface. The details of these steps are described below.
The tumor regions are outlined from the 3-D slide deck, and an optical attenuation model is applied to this 3-D slide deck to compensate the scattering and attenuation in tissue. The effective attenuation coefficient can be calculated as follows:
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where μ a (cm −1 ) is the absorption coefficient equal to 0.1 in biological tissue; 34 g is the anisotropy factor equal to 0.9, 35 and μ s (cm −1 ) is the scattering coefficient equal to 125 cm −1 estimated for cortical layers from 300 to 1500 μm in the NIR range of 830 nm. 34 The attenuated intensity for each pixel can be calculated as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 3 5 6
where I 0 is the initial intensity of the emitted fluorescence, and d is the distance traveled through the tissue. In this paper, we used μ eff (cm −1 ) equal to 1.94 cm −1 for shallow cortical layers and 3.34 cm −1 for depths >1500 μm, measured by Abdo et al. 34 in the NIR range of 830 nm. After the attenuation model was applied to 3-D tumor map deck, AIP was used to project attenuated tumor maps to the outer surface, as shown in Fig. 7 . The synthesized 2-D tumor map was used as ground truth and compared with the registered fluorescence image captured from the 2-mm slice.
Performance Metric and Statistical Analysis
To evaluate the proposed pipeline in correlating fluorescence images with histological images and to evaluate BLZ-100 in tumor margin identification, brain slices with tumor and fluorescence labeling were included in the performance analysis. Slices with nonspecific binding fluorescence were excluded. Figure 8 shows an example of nonspecific binding, where BLZ-100 was accumulated in the choroid plexus, which is identifiable from other brain tissues during surgery. For each included slice, the synthesized 2-D tumor map was used as ground truth. An additional region of interest representing the tumor margin was created from the 300-μm peripheral aspect of the 2-D tumor map using MATLAB function imerode. About 5000 pixels, accounting for 4.5 mm 2 in area, were randomly selected from the tumor core, tumor margin, and background regions, enabling objective comparisons of the fluorescence. Target-to-background (T/B) ratio was then calculated in the tumor core and margin for each slice. Fluorescence intensity was used for fluorescence image thresholding to delineate tumor boundary. A pixel-wise comparison between 2-D tumor map and thresholded fluorescence image was conducted. The optimal threshold was determined using Youden's index of the receiver operating characteristic (ROC) curve, 36 which optimizes the sum of sensitivity and specificity. Sensitivity, specificity, and DSC, which is a popular metric for evaluating image segmentation and registration, 37 were calculated accordingly. The AUC of ROC curve was performed to determine the accuracy to differentiate between normal tissue and tumor, which evaluates the proposed methods independently of the threshold. To evaluate the performance of using synthesized 2-D tumor map as ground truth, the average sensitivity, specificity, DSC, and AUC were calculated and compared to those of using selected best slide (first complete slide in the 3-D slide deck) and randomly selected slide from the 3-D slide deck as ground truth. Group averages and variances were analyzed using paired samples t-tests and F-test to assess differences in the performance using stacked slides, selected best slide, and randomly selected slide as ground truth, in terms of the accuracy in differentiating between tumor and normal brain.
Results

Distance Compensation Performance
The proposed method, to compensate for inconsistent distance between the scope and the tissue, was tested using a uniform gelatin phantom. The mmSFE scope tip was placed perpendicular to the phantom at 1 cm away. Fluorescence and reflectance images were captured and combined as a ratio image, as shown in Figs. 9(a)-9(c) . A 20 pixel-wide line profile was generated for each image at the same coordinates. The average intensity of the 20 pixels was plotted along the profile, which showed large variations in fluorescence (blue) and reflectance (red). The fluorescence and reflectance intensity at the image center was much greater than that at the periphery. The combination of reflectance and fluorescence as a ratio image (yellow) reduced these variations along the profile [Figs. 9(c)-9(d) ].
Multistep Image Registration
The surface macrohistological image was created from 3-D H&E slide deck and registered to calibrated mmSFE reflectance image from 2-mm slice. Affine transformation was applied to correct global deformations, such as scale difference, orientation difference, while piecewise linear registration was applied to correct local deformations. Figure 10 shows examples of registration results: original mmSFE reflectance image before registration (a, f, k); mmSFE green fluorescence image overlaid on reflectance image after registration (b, g, l); thresholded mmSFE fluorescence image overlaid on reflectance image after registration (c, h, m); synthesized 2-D green tumor map overlaid on grayscale macrohistological image (d, i, n); and manually delineated tumor map overlaid on selected best slide (e, j, o). Alpha blending was applied to overlay fluorescence image over reflectance, which maintains the structural information present in the reflectance while adding the molecular information of the fluorescence distribution. As can be seen in Fig. 10(n) , the synthesized 2-D tumor map projected deeper tumor directly onto the surface. Tumor map from selected slide may underestimate the tumor information, as seen in Figs. 10(e), 10(j), 10(o). Fluorescence hotspot colocalized well with the tumor regions on the synthesized 2-D tumor map. However, the spatial distribution of BLZ-100 was not uniform. BLZ-100 showed strong accumulation in tumor core, while the margin appeared more diffuse, as seen in Figs. 10(b) , 10(g), 10(l).
Overall Framework Performance and Statistical Analysis
A total of 50 brain slices were used for mmSFE fluorescence imaging. Four slices became incomplete during the histological process. The confusion matrix of the remaining 46 slices is shown in Table 1 . The number of slices with tumor that were successfully labeled using BLZ-100 was 29. These true-positive cases were used to evaluate this fluorescence imaging agent in tumor margin identification. For true negatives, six slides had no tumor present and displayed no fluorescence label. Eight slides with nonspecific BLZ-100 binding in the choroid plexus were excluded in performance analysis. Three false-negative cases were found, where little or no fluorescence was observed in slices with tumor. For the 29 included true-positive cases, T/B ratios for the tumor core and margin were calculated using 5000 different points (4.5 mm 2 ) randomly selected from tumor core, margin, and normal regions. The mean T/B ratios (mean AE standard deviation) for tumor core and margin were 8.64 AE 5.76 and 4.82 AE 2.79, respectively, with p-value 1.86 × 10 −06 determined by paired t-test. Fluorescence intensity was used to threshold tumor boundary, and ROC curve was generated accordingly. ROC curve analysis showed marked difference in the performance among using integrated stacked slides as ground truth, using selected best single slide as ground truth, and randomly selected single slide as ground truth, in terms of differentiating between tumor and healthy tissue. Mean sensitivity, specificity, DSC, and AUC of ROC curve were investigated to compare the methods to generate tumor map. The synthesized 2-D tumor map performed better than the selected best slide and randomly selected slide, as shown in Table 2 and Fig. 11 . The average DSC for synthesized 2-D tumor map was significantly greater than that for selected best slide (0.582 versus 0.398 with p-value 2.36 × 10 −09 ) and that for randomly selected slide (0.582 versus 0.396 with p-value 2.28 × 10 −07 ). The average AUC for synthesized tumor map was greater than that for selected best slide (88% versus 85.5%), but there was no statistically significant improvement. The average AUC for synthesized tumor map was significantly greater than that for randomly selected slide (88% versus 84.1% with p-value 2.18 × 10 −03 ). The variance of the AUC using synthesized tumor map as ground truth was significantly less than that using selected slide as ground truth (0.057 versus 0.087, p-value 0.0145) and that using randomly selected slide as ground truth (0.057 versus 0.085, p-value 0.0212).
Discussion and Conclusion
The overall goal of this paper is to develop a pipeline to evaluate the performance of fluorescence imaging agents in terms of tumor identification. This work is divided into two parts, first the fluorescence image is calibrated for accurate fluorescence quantification. As stated in Ref. 28 , the performance of fluorescence imaging is affected by the variable experimental settings, including lesion depth and camera-tissue distance. To connect fluorescence imaging to clinical outcome and to ensure a reproducible performance, calibration of fluorescence imaging is required. To address this problem, a specular reflectance rejection algorithm is applied, and a background subtraction method is used to reject ambient light. Inconsistent distance and angle is then compensated by combining reflectance image and fluorescence as a ratio image. When testing in the gelatin phantom, the ratiometric method compensated nonuniform fluorescence. As can be seen on the intensity plot (Fig. 9) , fluorescence is much higher in the center of the image than at the periphery. The ratio image corrected for these differences over the width of the image and the uniform fluorescence (80% to 100% of the maximum fluorescence) is extended from 50% to 80%. Second, a multistep registration framework is established to correlate fluorescence images to stacked histological images. To preclinically evaluate an imaging agent, a proper registration between the fluorescence and histological images is needed. However, current registration methods compare to single selected H&E slide, 26, 27 which is subjective and may underestimate fluorescence from deeper lesions, especially for NIR fluorescence agents. In this paper, an optical attenuation model and AIP are applied to integrate multiple histological slides and project deeper tumor regions to the surface. One advantage of this proposed method is the use of stacked H&E slides from surface to deeper tissues, to generate a synthesized 2-D tumor map, which provides an approximation of light in "seeing" tumor from deeper tissue. Then global and local deformations are corrected using affine transformation and piecewise linear registration. Structural landmarks from the reflectance image are selected as control points for piecewise linear registration. NIR agent, BLZ-100, is used to evaluate the proposed pipeline. The 2-D synthesized tumor map is compared to the selected slide as ground truth. In this study, we select the complete slide with the best quality and a random slide in the 3-D slide deck as comparison. Sensitivity, specificity, DSC, and AUC are calculated as evaluation metrics. The optimal fluorescence intensity threshold for tumor delineation is calculated based on Youden's index, which optimizes the sum of sensitivity and specificity. There is no significant difference in sensitivity and specificity when comparing the three methods. However, we obtain a significantly higher DSC when using the synthesized tumor map as ground truth. The reasons are illustrated as follows: (1) the selected slide only accounts for a single plane from the 3-D tumor, which underestimates the tumor information. The underestimated tumor map results in a reduced number of true-positive pixels and an increased number of negative pixels, as seen in Figs. 10(e), 10(j), 10(o). In contrast, there are more true-positive pixels and fewer negative pixels when using synthesized 2-D tumor map as ground truth.
(2) The imbalanced pixel number between normal tissue and tumor aggravates the discrepancies in the ratio between the number of negative pixels and the number of true-positive pixels (synthesized tumor map versus selected best slide: 7.42 versus 18.57, with p-value 2.55 × 10 −05 determined by paired t-test). The significant discrepancies in the ratio between the number of negative pixels and the number of true-positive pixels result in a significant difference in DSC, as shown in the equation E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 4 ; 3 2 6 ; 2 8 2 DSC ¼
where N is the number of negative pixels and TP is the number of true-positive pixels. This imbalance between the number of true-positive pixels and the number of negative pixels diminishes the robustness of using Youden's index to select optimal threshold. AUC is a more reliable metric to evaluate the proposed methods, which is independent of the selected threshold. The higher average DSC and AUC suggests a better spatial overlap between BLZ-100 fluorescence and synthesized tumor map from H&E slides. Especially, the proposed method outperforms the randomly selected single plane, which is usually obtained from regular pathological processes, with significantly higher DSC and AUC. When compared to using selected best slide and randomly selected slide as ground truth, the significantly smaller variance of the AUC using synthesized 2-D tumor map as ground truth indicates that this method is less biased, more stable, and more reproducible. Table 2 Mean sensitivity, specificity, DSC and AUC in differentiating between normal tissue and tumor, compared among the synthesized 2-D tumor map, selected best slide, and randomly selected slide. Overall, the 2-D synthesized tumor map outperforms the selected best slide and randomly selected slide when comparing with the NIR fluorescence image, which is also a 2-D mapping of a 3-D tumor. The experiment is conducted on ex-vivo tissue as preclinical evaluation. The performance of this pipeline needs to be investigated for in-vivo intraoperative imaging, which can be challenged by the complex tissue properties and the variable experimental arrangement. For example, we fixed the mmSFE position with one perspective for tissue imaging in this study. During freehand surgical applications, mmSFE position will be adjusted for multiperspective views in real-time video. The change of the scope-tissue angle may diminish the importance of the proposed distance compensation method. One assumption of the proposed method is that the fluorescence and reflectance light travels along identical paths to the scope, which is valid for neoplastic lesions topically labeled from the epithelial layer. 22 However, systemic labeling of lesions using NIR fluorescence can emit from deeper tumors, which makes the light paths not identical to the scope. A tilted orientation of scope-to-tissue surface may magnify this error. On the other hand, the multiperspective views can be used for elimination of specular reflections without loss of information. Current specular removal method uses surrounding pixels to replace high-intensity pixels from specular reflection, which only corrects high intensity but neglects the original structural features beneath the specular reflection. Future work is needed to design new specular reflection rejection algorithm, which corrects specular reflection using the same region from a different perspective view.
Sensitivity
One limitation of this study is that only the 29 slices with tumor and fluorescence labeling are included in the performance analysis, which limits a comprehensive evaluation of BLZ-100 in tumor identification. However, we evaluate the proposed pipeline in correlating fluorescence images to stacked histological images instead of testing the clinical effectiveness of BLZ-100. In addition, five H&E slices are integrated to generate a synthesized 2-D tumor map, which accounts for only 0.5 mm in depth. Depending on the type of tissue, the penetration depth of light is <1 mm at 400 nm and increases to about 5 mm at 700 to 900 nm using skin as an example. 38 The NIR fluorescence detection depth of the mmSFE is measured using ICG solution from 100 μM to 100 nM diluted in dimethyl sulfoxide. ICG solutions from 100 μM to 100 nM in microhematocrit capillary tubes (Fisher Scientific, 1.1 mm ID) are buried in NSG mouse brain (0.5, 1, 2, and 3 mm from brain surface). The mmSFE is used to capture the ICG fluorescence at 1 cm away from the brain surface. T/B ratio is calculated accordingly. The mmSFE detection depth is shown in Table 3 . From the table, we can see that mmSFE can detect 100 nM ICG at a depth of 0.5 mm and 1 μM ICG at a depth of 1 mm in mouse brain tissue. Since the estimated BLZ-100 dye concentration accumulated in the tumor is up to the equivalent of 1 μM, applying five layers of H&E slices (total depth of 0.5 mm) to synthesize the 2-D tumor map is underestimated. To better represent the information from deeper lesions detected by the NIR probes, more histological slices, 1 mm in total depth, should be integrated as a synthesized 2-D tumor map and compared with the mmSFE NIR fluorescence image. Moreover, the optical attenuation model is limited by the assumption of straight-line fluorescence attenuation (orthogonal to tissue surface) which is incorrect for highly scattering brain tissue. More complex models, such as Monte Carlo light scattering simulation, can be used to better simulate fluorescence scattering in tissue. 39 In contrast, maximal intensity projection (MIP) can be regarded as a simplified model, which has similar results compared to the optical attenuation model. However, the 2-D tumor map synthesized using MIP does not include tumor depth information. Instead, the optical attenuation model and Monte Carlo light scattering simulate the fluorescence scattering in the tissue, which can provide more realistic tumor maps, including tumor depth information. Last but not least, we used single NIR imaging agent for one type of tumor detection in one mouse model. The efficiency of the proposed pipeline in calibrating different imaging agents to histology for different tumor types needs to be further investigated. In our future work, we aim to automate the whole pipeline, thus providing reliable tool to evaluate fluorescent probes in delineating margins. The calibration techniques can be realized in real time and implemented using mmSFE for standardized in vivo fluorescence imaging, along with preprocedure and possibly postprocedure calibrations. The multistep registrations can be automated using laser-induced fiducial landmarks 40 and algorithm-selected landmarks. 41 When BLZ-100 NIR fluorescence is compared to three other fluorescence agents in Elliott et al., 26 in general, their performance in detecting glioma tumor area is comparable. In terms of mean accuracy determined by ROC curve analysis for wildtype tumor, BLZ-100 performed slightly better than the single fluorescence agents (BLZ-100: 88% versus IRDye680: 77% versus PpIX: 87% versus ABY029: 69%), but slightly worse than the combination of these agents (combination: 90%). 26 In terms of enhanced fluorescence contrast, BLZ-100 accumulates in both tumor cores and tumor margins with mean T/B ratios of 8.64 and 4.82, respectively. The tumor core showed 1.8-fold higher T/B ratio values compared with tumor margin (p-value 1.861 × 10 −06 determined by paired t-test). The margin fluorescence appears more diffuse, which could be scattering fluorescence from deeper tumor lesions into nontumor regions closer to the surface. While PpIX shows weak contrast in tumor margins and appears to contain more high spatial frequency features, sharper edges, and patterns, IRDye680RD enhances the necrotic regions provided by the EPR effect and ABY-029 shows enhanced fluorescence in both tumor core and margin but limits to epidermal growth factor receptor (EGFR) overexpressed tumor type. 26 As can be seen, these imaging agents can provide complementary properties (metabolism, perfusion, and EGFR expression) and may be combined with BLZ-100 in the future to provide more accurate tumor contrast for guiding surgery. 42 For example, in addition to the systemically applied BLZ-100, the QRH-882260 + Cy5 peptide 43 can be topically applied intraoperatively to the residual tumor during surgery to provide better visualization of tumor margins. The adoption of multiagent strategy for more accurate tumor delineation can be achieved by using mmSFE, which can detect multiple spectral bands of fluorescence concurrently. There is essentially no registration error across fluorescence channels, which makes multiagent imaging using mmSFE more powerful. Moreover, mmSFE can be modified for an additional OCT channel. 44 The combination of en face fluorescence imaging and 3-D morphological imaging allows molecular and structural contrasts simultaneously, which has been recently demonstrated using a xenograft mouse model of human colorectal cancer ex vivo. 45 
Disclosures
EJS is a coinventor of the scanning fiber endoscope and has participated in a royalty sharing program at the University of Washington.
